This study was undertaken with the aim of investigating the teratogenic effects of methylmercury (MeHg) on the chick embryos and evaluating the protective role of vitamin C and folic acid. Fertilized eggs received MeHg dose (2.5 mg/egg) alone or with addition of vitamin C (100 mM) and folic acid (100 mM) or with vitamin C and folic acid alone. Control eggs received saline. The eggs were injected on day zero of incubation. On day five, embryos were examined for viability, gross retardation and gross malformation and the hearts were processed for light and electron microscopy. Results showed that MeHg decreased the survival rate of embryos and caused gross malformations such as hypomorphic hearts, abnormal position of atria, exencephaly, hydrocephaly, anencephaly, everted viscera, microphthalmia, twisted body, limb malformation and hemorrhage, compared with control embryos. Histological examination of the hearts clearly revealed that the heart tissues have failed to develop correctly in the MeHg treated embryos. The corresponding pathological alterations were mainly characterized as cell death at the ultrastructural level. Embryos injected with MeHg plus vitamin C and folic acid were almost comparable to the control. Data obtained in this study suggest that supplementation with vitamin C and folic acid during pregnancy may prevent defects in heart development brought about by MeHg and other environmental xenobiotics.
INTRODUCTION
Methylmercury (MeHg), a highly toxic form of mercury in the environment, is known to induce neurodevelopmental toxicity in both animals and humans (Johansson et al., 2007) . Number of synchronous mechanisms are likely associated with MeHg-induced neurotoxicity, including impairment of intracellular calcium homeostasis (Atchison, 2005) , alteration of glutamate homeostasis (Farina et al., 2003a) and oxidative stress . Particularly, the glutathione system, an antioxidant tool for protecting cells against oxidative damage, represents a molecular target for MeHg (Stringari et al., 2008) . MeHg can bioaccumulate in aquatic food webs, leading to elevated concentrations in birds (Scheuhammer et al., 2007) . In highly contaminated areas, when MeHg is transferred from a mother bird to her eggs. Studies by Heinz et al. (2006) demonstrated the toxicity of MeHg to embryos of several bird species in various experimental conditions, using mainly different *Corresponding author. E-mail: g.bekhet@yahoo.com. Tel: (+966) 569323209. solvents, injection sites, and embryo ages ranked the sensitivities of the embryos of many species of birds to MeHg. Bertossi et al. (2004) showed that MeHg induces neurotoxicity in chicks, motor impairment cerebellar damage (Carvalho et al., 2007) , and alterations in glutathione homeostasis (Stringari et al., 2008) have been described as important molecular mechanisms involved with MeHg-induced neurotoxicity in rodents and primates, such indications of toxicity have not been examined in birds.
Vitamin C or ascorbic acid is a water-soluble compound synthesized by liver cells in many animals but not in humans, so humans rely totally on their diet to get enough vitamin C. The current recommended dos during pregnancy in the western world is 60 to 80 mg/day; because of its antioxidant properties, vitamin C may protect the embryo from oxygen free radical damage (Lee et al., 2004) . The term folate represents all forms of the B vitamin series with the same structure and function, including many derivatives found in biological systems (Tamura and Picciano, 2006 ). An adequate supply of dietary folate in pregnancy is essential for normal embryonic development, including that of the cardiovascular system, and its supplementation lowers the incidence of congenital defects (Botto et al., 2003; Torrens et al., 2006) . Several epidemiological studies showed an association between 'folic acid' deficiency and the occurrence of congenital heart disease and a significant reduction of conotruncal heart defects with the daily intake of 'folic acid' fortified cereals ( Memon and Pratten, 2009(. This study was conducted to detect the teratogenicity of MeHg in avian embryos. Also, the protective effects of vitamin C and folic acid against methylemercury induced developmental abnormalities were examined.
MATERIALS AND METHODS
Fertile chicken eggs (obtained from local hatchery) were incubated at 38°C with a relative humidity of 70%. The first day of incubation was termed day zero. MeHg, vitamin C or folic acid were directly injected (single dose for each) into the air cell of the egg using an established protocol (Drake et al., 2006) . Briefly, eggs were removed from the incubator and wiped with 70% ethanol, followed by introduction of a 1.5-mm-diameter hole in the blunt end using a metal probe. Using a 20-gauge needle, injections were slowly introduced directly into the air cell of the egg, after which the injection aperture was sealed with paraffin wax, and the egg was rotated 180° and returned to the incubator. For evaluating the toxic effects of MeHg, 120 eggs received a standard injection volume of 2.5 mg/egg in sterile 0.9% NaCl. For detecting the protections of antioxidants, 120 eggs were injected with a combination of 2.5 mg/egg MeHg with 100 mM vitamin C and 1 mM folic acid and 120 eggs were injected with combination of antioxidants 100 mM vitamin C and 1 mM folic acid. For control, 60 eggs received equivalent volumes of vehicle, sterile physiologic saline. After the fifth day of incubation, all eggs were opened and surviving and dead embryos were carefully separated from the yolk sac, cleaned and examined for gross abnormalities and classified according to Hamburger and Hamilton (1951) , whereas infertile eggs were discarded. Embryonic death was determined by the absence of a beating heart; this assessment was made in ovo after carefully removing shell from a 1 cm 2 area directly over the embryo. For assessing the potential embryotoxic effect of MeHg, the following parameters were determined: 1) mortality rate of embryos in which development was arrested; 2) incidence of gross malformations; 3) heart tissues were examined using light and electron microscopy. For light microscopy, representative samples of the cardiac tissues were fixed by immersion in Bouin's fluid for 8 h, dehydrated in a graded series of ethanol, paraffin embedded and then cut taking 5 mm thick sections which were subsequently stained using hematoxylin/eosin. For electron microscopy, small pieces of the appropriate heart tissues were fixed at 4°C for 2 h in 2% glutaraldehyde solution buffered with 0.1M sodium cacodylate pH 7.2, then post-fixed in 1% osmium tetroxide in the same buffer for 2 h, dehydrated in a graded series of ethanol, transferred to propylene oxide and then embedded in an Epon-Araldite mixture. Ultra-thin sections were contrasted in a 50% alcohol-uranyl acetate solution and lead citrate before examination on electron microscope (Jeol-1011, Japan) operated at 80 kV.
RESULTS
Data for the overall survival of embryos are given in Figure 1 . Of the 60 eggs treated with 0.1 ml of 9.0% sodium chloride as controls only 58 (96.6%) survived until ID 5 (HH stages 29 to 31). In the survivors of the control group (n = 58), abnormalities were not recorded but there were only two cases showed exclusively reduced body size. Of the 120 eggs injected with MeHg, only 60 (50%) survived until ID 8 (HH stages 29 to 31). Among the survivors of the group of MeHg-treated embryos (n = 60), abnormalities were recorded in every case (100%) ( Figure 2 ). Defects included gross external ones such as 30 cases out of 60 (50%) showed heart defects, represented by 5 cases (8.3%) hypomorphic heart; 7 cases (..11%) showed abnormal position of the heart shifting to the left, 5 cases (8.3%) showed shifting of the heart to the right, 9 cases (.1.0%) with exposed heart and 4 cases (6.7%) showed haemorrhage all over the heart. Otherwise, the remaining 30 cases out of 60 characterized by congenital abnormalities represented by 3 cases (5%) with hydrocephaly, 4 cases (6.7%) with exencephaly, 4 cases (6.7%) with anencephaly, 5 cases (8.3%) with everted viscera, 3 cases (5%) with microphthalmia, 2 cases (3.3%) with shortened and twisted body, 5 cases (8.3%) with haemorrhage all over the body, one case (1.7%) with reduced body size, 1 case (1.7%) with limb reduction malformation and 3 cases (5%) showing misshapen body. Heart and brain abnormalities were very common. Moreover, of the 120 eggs injected with MeHg combined with VC and FA, only 84 (70%) survived until ID 8 (29 to 31).
The gross external malformation exhibited in about 20 cases 84 (23.8%), 8 cases out of 20 (9.5%) showed heart defects represented by 2 cases (412%) hypomorphic, one case (.14%) showed shifting of the heart to the left, one case (.14%) showed shifting of the heart to the right, 3 cases (613%) with exposed heart and one case (.14%) showed haemorrhage all over the heart. Otherwise, the remaining 12 cases out of 20 characterized by other malformations represented by 2 cases (412%) with hydrocephaly, 2 cases (412%) with exencephly, one case (.14%) with anencephaly, 1 (.14%) with everted viscera, one case (.14%) with microphthalmia, 2 cases (412%) with haemorrhage all over the body, one case (.14%) with reduced body size and 2 cases (412%) showing misshapen body. In the case of embryos injected with the protective vitamin C and folic acid, it was showed about 110 cases survived. Only 6 cases (5.5%) with malformations, 2 of them (.11%) showed heart defects included one case (910%) with hypomorphic heart and the other one (910%) with haemorrhage in the heart. Meanwhile, the remaining 4 cases (3.7%) exhibited other types of external malformations such as anencephaly, microphthalmia, shortened and twisted body and reduced body size; one case (0.9%) was recorded for each type.
The heart was quite well differentiated in control chicks ( Figure 3A) . It had well developed atria and ventricles with complete interventricular septum. The ventricular walls had well developed myocardial layer. When these heart structures were studied in MeHg treated chick embryo, heart tissue was found to be affected adversely, for example development of tubular heart, thinning and occasional loss of myocardium and ventricular septal defect ( Figure 3B ). Treatment with additional VC and FA restores normal development ( Figure 3C ). The ultrastructural characteristics of control cardiac myoblasts included intact nuclei with delicate heterochromatin against a pale background, dense and well-developed mitochondria, and an intact sarcolemma. A certain degree of disorganization of myofibrils was evident in the myoblasts. Most of the myofilaments were grouped together to form short small bundles which were occasionally crossed by opaque material of the Z-band pattern ( Figure 4A ). Z-material might be found in the cytoplasm isolated from the myofilaments. In-contrast, myoblasts of embryos exposed to MeHg ( Figure 4B ) exhibited severe cardiotoxic features. The extent of the damage was rather heterogeneous among the myoblasts, but the presence of cellular injury was characteristic for all myoblast population. The nuclear chromatin was clumped with condensed heterochromatin and convoluted perinuclear membrane that often was split and edematous areas were evident. Many nuclei were reduced in sizes. The diameters of these shrunken nuclei decreased to half or one-third of the normal ones. The damage induced by MeHg was characterized by clumping of nuclear chromatin, sarcolemmal rupture, intermyofibrillar edema and increased vacuolation. No signs of apoptotic degeneration of cardioblasts were found.
The mitochondria became pale and swollen, accompanied by rupture of the internal septa and membranes. The arrangements of sarcomeres, myofibrils and myofilaments were lost and the integrity of the actin and myosin filaments was not visualized. In high magnification, holes were noted in the cell membranes (arrows). Loss of adherence between cardiac myocytes was prominent. These typical oncotic and necrotic structural damage in the myocytes were significantly attenuated by vitamin C and folic acid ( Figure 4C ) as indicated by preservation of mitochondria, conservation of myofilaments structure and maintenance of cellular integrity.
DISCUSSION
MeHg is a known human teratogen and therefore has been extensively investigated. This study was conducted to study MeHg induced developmental toxicity and also to investigate any protective effects of vitamin C and folic acid in preventing teratogenic effects brought about by MeHg in ovo using chick embryos. Avian embryos were chosen as a model system for these studies as these are cost effective, easy to handle, less time consuming, involve no maternal sacrifice and provide reliable results. The main finding of our in ovo study was that MeHg when injected caused a destruction of many organ systems of chick embryos. About half of the embryos were dead and almost all remaining embryos were underdeveloped and showed teratogenic features including CNS malformations and optic defects. These findings are consistent with previous studies performed on many species of birds, which showed similar types of abnormalities when treated with MeHg (Heinz et al., 2011) . It is not possible to relate our findings of developmentally toxic levels of MeHg precisely with humans; however, epidemiological studies showed a direct relationship of MeHg exposure in excess of the recommended dose and potential malformations in the newborns. Furthermore, recent findings in adults suggest that MeHg exposure is associated with increased cardiovascular mortality (Grandjean et al., 2004) . The present study also demonstrates a protective effect of VC and FA on MeHg treated cardiac myocytes in ovo. The effective concentration shown to have protective effect is 100 µM which is consistent with the amount of VC used by Peng et al. (2005) to treat ethanol induced growth retardation and microcephaly in Xenopus laevis embryos. The concentration of FA with protective effect is 1 µM which is similar to the amount of folinic acid used to treat the malformations of branchial arch derived structures in rats in whole embryo culture by Zhang et al. (2006) . In a case control study, conducted in Atlanta, a direct relationship of prevention of cardiac defects, especially outflow tract and ventricular septal defects, with periconceptional use of multivitamins containing FA and VC was suggested (Willcox et al., 2008) . Similar results were also found in a randomized control trial in Hungary which showed a reduction of 50% in cardiac defects with supplemental FA during pregnancy (Gardinar, 2006) .
The observations that supplemental VC and FA offered a remarkable protection against the effects of MeHg might be due to their antioxidant properties. In an investigation of the protective effect of glutathione against MeHg toxicity in cultured mouse neuroblastoma cells, Kromidas et al. (1990) proposed that MeHg causes damage to microtubules by oxidation of tubulin sulfhydryls and peroxidative injury. Under these conditions, reactive oxygen species may be continuously formed as a by-product of metabolic reactions. Furthermore, such reactive oxygen species have also been linked with embryonic heart defects (Hobbs et al., 2005) caused by a variety of environmental toxins and maternal diseases. However, the extent of reactive oxygen species production and the subsequent likelihood of a developmentally toxic effect depend on the time and dose of exposure. Therefore, in order for normal development of embryos to be achieved under conditions where free radicals or reactive oxygen species are generated at abnormally high levels, there must be a balance between generation and degradation of free radicals and VC, may be useful in protecting embryos against damage.
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